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E. VIDENC E FOR THE CONFORMATION OF H
2
0 ADSORBED ON Ru(OOl )

Theodore F. Madey and John T. Yates , Jr.
Sur t~ace Processes and Catalysis Section

National Bureau of Standards
Washington , DC 20231i

ABSTRACT

The Elec tron Stimulated Desorption Ion Angular Distributions (ESDIAD )

method has been used to study the adsorption of 11
2
0 by Ru(OO1). The

results indicate that cheinisorbed , undissociated 11
2
0 is bonded to Ru

via the o .ygen atom, and that interactions between neighboring molecules

occur as coverage increases. The utility of ESDIAD for structure

determination in the absence of long range order is demonstrated.
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I. INTRoDuCTION

A central problem in the physics and chemistry of surface concerns

the determination of bonding geometry for atoms and molecules at surfaces.

It has been shown recently that the method of Electron Stimulated De—

sorption Ion Angular Distributions (ESDIAD) has potential for the de—

termination of the binding sites and bonding conformations of adsorbed

species.
(1
~
2) When an adsorbed layer is bombarded by a focussed beam of

low ener~ ’ electrons 
(
~ 100 eV), the d.esorption of positive ions, ground

state neutrals, and metastable species can be induced by electron excitation

of the adsorbate. The positive ions liberated as a result of electron

stimulated desorption have been observed to desorb in discrete “cones”

of emission, in symmetric patterns having the symmetry of the substrate.

The desorption of ions in narrow cones of emission is related to the

formation of localised bonds at the surface.

A key question concerning the utility of ESDIAD for the study of

surface structures concerns the relation between the directionality of

surface bonds and the angle of ion emission . In order to examine the question

experimentally, we are studying the adsorption of physisorbed and weakly

chemisorbed molecules such as H20, NH3, C3
H6, C6

H12 and C3H16 on a close

packed Ru(OO1 ) substrate. The objective is to see if the non—dissociative

adsorption of a molecule having known geometry results in the appearance

of an ESDIAD pattern whose symmetry and ion desorption angles are con—

sistent with this known adsorbate geometry . The present report is con-

cerned with ESDIAD studies of H
20 adsorbed on Ru(OO1).

On the basis of the molecular orbital structure of the free 1120

molecule,~~ ’
1
~ it was expected that the initial interaction with a metal

surface would be via the non bonding , or “lone pair” electrons on the 0 atom .

It wa~ t.hus
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anticipated that the molecule would be bound to the surface through the

oxyger. Ltom , with the hydrogen atoms directed away from the surface. The

experimental ESDIAD results substantiate the picture, and provide new

insights into surface bonding configurations .

II. EXPERIMENTAL

The apparatus used for these studies has been described in detail

previously.~~~ The single crystal Ru(OOl ) sample was mounted on an

XYZ—rotary manipulator . The sample temperature range was controlled

by resistive heating in the range 80 K to 1550 K; temperatures were

measure.. via a W—3% Re/W—26% Re thermocouple spot—welded to the crystal.

The sample was cleaned by repeated heating between 300 K and 1550 K in

02 at 5 x 10
7 Torr, a procedure which has been previously demonstrated

using Auger electron spectroscopy to produce a Ru surface free of S

and C. The oxygen was removed by heating in vacuo to 1550 K, after which

a sharp (1 x 1) LEED pattern characteristic of the clean Ru(OOl) surface

was observed. The effectiveness of the surface cleaning procedure was

verified at the end of these experiments by installation of an Auger

spectrometer in the experimental chamber.

The maximum electron beam current in these studies was 1.5 x 10~~ A

(current density ~ 2 x 10
5A/cm2). The weak positive ion desorption signals

were detected using a hemispherical grid assembly backed by a double micro—

channel plate (Mc?) detector . The ESDIAD patterns were displayed visually

by acceleration of the output electrons from the MCP detector onto a

fluorescent screen. By reversing potentials, the low energy electron

diffraction (LEED) pattern from the surface could also be displayed . A

quadrupole mass spectrometer (QMS) was used for residual gas analysis, as

well as for mass analysis of positive ions produced by electron impact on the

3
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- L 1 ~~ ,rbc~I1 iay er. ~Ji~e of a mcllecular  be~~n g;t~ ; doser insure d that the H 20 f~lux

i i r” ~~te~1 ~)rAt o the  sample dur ing adsorpt ion was considerably higher than the

b~tc kgrounc1 f l u x  of residual gases in the vacuum chamber .

Typical e lectron excitation energies for the ESD studies were in the

range 100 to 200 eV: typical electron energies for the LEED measurements were

90 to 200 eY. The angle of incidence of the electron beam for most ESD and

LEED measurements was 500 with respect to the crystal normal.

I I I .  RESULTS

A. Electron Stimulated Desorption

Fig. la shows a LEED pattern from the clean Ru(OOl ) substrate.

When the Ru(001) crystal at ‘
~~ 90 K was dosed with H2

0 to a coverage < 0.2

moriolayers (as determined by thermal desorption spectroscopy , (see below)),

the ESDIAD pattern of Fig. lb resulted . The pattern is quite dim and has a

characteristic “halo” with a dark area in the center indicating that H’~ ion de—

sorption normal to the surface was negligible. When the 11
20 coverage was in-

creased to more than 0.2 monolayers, a hexagonal array of emission cones was

seen (Fig. lc). As can be seen by comparing Fig. la and lc, the azimuthal

orientation of the H~ hexagon differs from the azimuthal orientation of the Ru(0O1)

LEED pattern (which is based on the reciproca) lattice). However, in real space,

the H
+ 
ESDIAD hexagon and the hexagonal array of substrate atoms have the same

‘,rientation . In some cases, the hexagonal 11
+ 
array appeared to be superimposed

U~~Ofl the “halo” patterns; in other cases, the contrast between cones was higher.

in general , there was evidence of increased emission in a direction about the

normal to the surface. (The decrease of’ pattern intensity from upper left to

lower right in the pictures is apparently a result of a spatial variation in gain

of the i mag ing system).

The species yielding patterns of Fig. lb and Ic were susceptible t’~.

electron beam damage. Changes in intensity were generally apparent aft.~~ times

of the order of 10 seconds at a current dens ity of 2 x 10 5A/cm
? 
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When a sufficiently high dose of H
2
O vapor onto the 90 K

surface resulted in the formation of’ an ice multilayer , the pattern of

Fig. ld developed . This intense pattern was dominated by emission normal

to the surface.

Mass analysis of the ESD ions using the QMS indicated that for
+all the pa t t e rns  of Fig .  1, the dominant ionic species detected was H -

+
Small quantities of 0 (< 10%) were seen from submonolayer deposits ol

H2
() fo l lowing short periods of electron bombardment during which t ime

the ESDIAD pat terns changed. Traces of ions at mass 2 and in the mass 16

to 19 range were seen for ESD of the ice multilayer and were identified

as H
2~ , 

0~ , OH~ , H2O~ 
and (H

2
O)H’~. The intensities of’ each of these

product ions from the multilayer was small, typically < 1% of the dominant

H
+ 

emission. The maximum kinetic energy of H
+ 

ions from the H
2
0 multilayer

was determined using a retarding potential to be 13 eV (uncorrected for

work functions).

The angie between the surface normal and the ring of maximum

inteni~ it.y in the I(IDIAD “hub ” or Fig. Ia was estimated by observing the

angl e  t h r oug h  w h i ch  the manipulator had to be rotated in order to center

the region of maximum intensity (determined visually ) on the optical axis

+of the ion detection system . Data showing the apparent value of the H

emission cone half—angle a are plotted in Fig. 2 as a function of the

potential V
B ~ppl ied between the crystal and the first hemispherical grid

in the det ection system .~~~ A least squares extrapolation of these data

to field— free conditions (V
B O) yields a value of a = 58 + 5

0 Uncertainties

in thin meanurement, arise from the low intensit.y of the H
+ 

emission , the

rapid oecay of’ intensit.y with time , and the distortion of the H’
~ ion pattern

5
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due to the field between crystai and grid. The cone angle of H+ emission

is 116 + 100 in comparison with the HOH angle of 1014.5° in the free water

molecule. The ESDIAD measurements are consistent with a model involving

bonding of the undissociated H
20 molecule to the Ru substrate via the oxygen

atom, and this suggestion will be discussed further in Section IV.

B. Low Energy Electron Diffraction

The clean Ru(0Ol) surface exhibited a characteristic (1 x 1)

LEED pattern, and there were rio new LEED structures observed during the

adsorption of H20 on Ru(001) at 90 K at any H20 coverage. Adsorption of

heavy doses of’ H
20 simply resulted in a decrease of intensity of the (1 x 1)

LEED beams and an increase in background intensity . The absence of an

ordered LEED pattern at 90 K indicates that there is no long range order

in the adsorbed layer, irrespective of the initial H
2
0 coverage.

For 11
20 coverages of one monolayer or less, heating of the

surface resulted in desorption of the adsorbate with the appearance of

no LEED features other than the (1 x 1) pattern characteristic of the

clean surface. When the ice multilayer was formed at 90 K and heated , a

weak , complex LEED pattern appeared at 120 K. This was apparently due to

the thermally activated formation of a crystalline form of ice from the

amorphous , as—deposited layer. Firment and Somorjai have also found evidence

(6 )for ordered ice overlayers in LEED. Further heating resulted in the

development of’ a weak (2 x 2) pattern . The persistence of’ the dim (2 x 2)

pattern following heating to < 1500 K indicated that it was due to adsorbed

atomic oxygen (o ‘~. 0.1) resulting from dissociation of some of the adsorbed

H20.

6
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C. Thermal Desorption Spectroscopy

Further evidence for the adsorption of undissociated water

molecules, a small fraction of which dissociate as the surface is heated ,

is seen from thermal desorption studies. Upon heating the Ru(OOl) surface

following exposure to H2
0, both H20 and traces of 112 were observed as

desorption products. Thermal d.esorption spectra of both products indicated

multiple peak structures; 1120 desorbed from at least 3 binding states in the

temperature range 100 to 500 K. The oxygen remaining on the surface following

dissociation desorbs at ~ 1500 K.

The thermal desorption spectra of H
20 shown in Figure 3 indicate

a sequential filling of binding states as the H
2
0 coverage is increased.

The most tightly bound state whose peak temperature T is at 230 K populates

6a - 
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first; the near constancy of T~ with increasing coverage is indicative

of first order desorption kinetics. Assuming a pre—exponential factor of

3 x io
)2

, the activation energy for desorption~~~ of this state is calcu-

lated to be 12.6 kcal/mole. The fact that the state at T = 230 K ceases

to grow as the total H20 coverage increases suggests that it is due to

chemisorbed 1120 bonded to the metal surface in the first monolayer . The

“halo” ESDIAD pattern of Fig. la is observed for H20 coverages less than

or equal to that of Fig. 3a, i.e., ‘\~ 0.20 monolayers. The coverage which

produces desorption spectrum 3b results in the hexagonal ESDIAD pattern

of’ Fig. lb, and for coverages corresponding to Fig . ~c or greater, the

central spot pattern of Fig. ic is seen. At higher coverages, the binding

states having values of 180 K and 200 K and corresponding to the onset

of multilayer formation coalesce into a single state having T~ 
‘
~~ 190 K;

this state simply grows in intensity as the coverage is increased , and

evidently corresponds to desorption from a condensed ice multilayer. The

shape of the peak at T~ = 190 K is consistent with zero order desorption

kinetics (rate of desorption independent of surface concentration, a

situation which exists during free sublimation from the surface of’ a solid

or liquid). The desorption rate increases exponentially with temperature

on the lead ing edge, and drops precipitously as the multilayer is exhausted.

Arrhenius plots based on the leading edges of a number of such desorption

spectra (in w}’iich there were at least 14 monolayers of H
20 in the initial

multilayer) yield an activation energy for desorptiori of 11.5 kcal/mole , in

good agreement with the heat of sublimation of normal ice , 12.1 kcal/mole.

Further evidence that the peak at T 230 K corresponds to

the chemisorbed H
20 monolayer in direct contact with the Ru(OOl) substrate

4



is ;e’~r~ bj tupar i rig Figures 1 and 14. Preadsorptiori ut a mono layer of oxygerl

(20L 3~ expo~iux ’~- at ‘u 90 K , heat to 60() K, cool to 90 K before exposure to N ,J
vapor) effectively “blocks” adsorption of H20 into this state. Desorption from

the condensed H20 multilayer state(s) however , is virtually unaffected by the

nature .~ t the adsorbed monolayer .

Finally , it should be noted that both the 11
2 and H20 desorption spectra

were sensitive to traces of impurities present on the surface during the thernal.

cleaning process.

IV . DISCUSSION

A. Adsorption of’ H00 in the First Monolayer

The in iti a l int.e~action between a water molecule and the  s u r fa ce  of a

trannition metal is expected to be via the non—bonding (or “lone pair”) b~ and a

orbitals~~~ located primarily on the oxygen end of the molecule. (By analogy ,

the hydration of most metal ions occurs via bonding of the metal ion to the cxyg’~r~

end of several water molecules). In the adsorption of I
~
i
2
O on Ru , dative bonding

can occur between the water lone pair orbitals and the Ru d orbitals. For weak

bonding of 112
0 to Ru , little distortion of the HOH bond angle is expected. Although

no UPS data for H?
() on Ru are available, Brundle and Carley~

8
~ have examined the

~ isorption IC a fractional monolayer of H20 on a Ni film at 77 K. Their results

demonstrate that there are only small differences between the orbital structure

of adsorbed 112
0 and gaseous 11

20, suggesting little distortion of the undissociated

H00 molecule upon adsorption. In addition , McCarty and Madix~~~ used thermal

desorption spectroscopy to show that H20 is molecularly adsorbed on clean and

carbu.rized Ni(llO). Finally, for adsorption of 11
20 on Ru(001), the present

thermal desorption studies show that 1120 is molecularly

8
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adsorbed in the Vi r5t. monolayer on a Hu( 001) surface at 90 K.

A model of’ H,,0 adsorption on Ru(OOl ) consistent with the ex-

perimental results is shown in Fig. 5. The “halo” ESDIAD pattern of

Fig. Ia is envisioned to arise from ESD of H~ ions from 1120 at low

coverages ( ‘u 0.2 monolayers); interactions between neighboring water

molecules are weak, arid the azimuthal orientations of the molecules

are random and non—coordinated . Rotational freedom about the C2~ 
axis

may exist. The statistical average of H’~ ions produced by ESD of the

random arraj of H
20 molecules gives rise to the observed halo. Further

+
evidence for the proposed structure is found in the measurement of the H

ion desorption angles. The cone angle of the region of’ maximum intensity

of the halo is 1.i6 + 10°, in comparison with the 1014.5° angle of the

free molecule.

Clinton
(1.0) 

has shown that upon excitation of a ligand to a

repulsive ionic state in a spherically symmetric force field, the initial

impulsive force leading to ionic desorption should be in the same direction

as the initial bond angle. In the case of adsorbed 11
2
0, at least two

other factors could influenc e the observed ion trajectory : the deviation

of the initial bond angle from that of the free H
20 molecule due to the

bonding interaction , and the influence of the image field as the H~ ion

desorbs. Charge transfer from the H
20 molecule to the Ru substrate would

be expec ted to increase the HOE bond angle (e.g., the HOE angle in free

H20
4’ is 110.6° ~~

1)).In addition , the effect of the attractive image field

on the desorbing H
+ 

ion will also increase the apparent ion desorption

angle; the magnitude of this effect depends on the ion kinetic energy , the

bond angle , and the distance between the ionized ligand and the image plane .

The fact tha t the experimentr’lly determined ion desorption angle is larger

9



_____________ -- .-

~h~n the free molecule val ue is an indication that perturb;ition~ of’ the

ii~ Fi bond angle and 01’ the ion trajectory do occur .

At higher 1120 coverages 
( >0.2 xnonolayers), a hexagonal array of

H~ emission cones is seen in the ESDIAD pattern (Fig. ib). In this coverage

range, lateral interactions between neighboring 11
20 molecules apparently result

in the formation of’ domains in which the orientations of the H2
O molecules are

coordinated due to the symmetry of the substrate. One such array which could gIve

rise to the observed ESDIAD pattern is shown in the central panels of Fig. 5. 1~oee

that no ordered LEED pattern other than the (1 x 1) pattern characteristic of the

clean substrate was seen during H
20 adsorption at 90 K, so that if ordered domains

having other symmetry exist, they can have only short range order ( < 15 A (12).).

Finally , if we assume that the 0 atoms are bonded to single Ru atoms, the co-

incidence of the H
+ 
ESDIAD hexagon with respect to the substrate atom array

(Fig. la, lc) suggests that the azimuthal orientations of the H atoms in adsorbed

H2O are in the direction of nearest neighbor surface atoms. (As discussed in

Ill—A , the LEED hexagon is rotated by 30° from the substrate atom hexagonal array.)

Although the model described above is by no means unequivocal, it does

demonstrate a unique feature of ESDIAD and its relationship to surface structure.

In a number of cases, coherent ESDIAD patterns have been seen from overlayers in

which long range order appears to be absent. A coherent ESDIAD pattern req~~res

only that the molecules which yield ion emission be bonded in geometrical ly ~lr-~

sites. There is no requirement of translational order, either long or shcr ~~~~~~~~~~

In addition , ESDIAD provides information about the locations of Fl at ur.s ir.

molecules , information often unavailable in LEED studies in which scattering ~s

dominated by ligands containing heavier aãatoms.(13)

10
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B. Multilayer formation

ESDIAD of the ice multilayer reveals that H1’ ions desorbing

normal to the surface are the dominant desorption products with fragments

identified as H2~
, 0 , 0H~ , H20~ 

and (H
3
0Y

4’ 
seen at the 1% level. This

is in contrast to ESD of multilayers of C6H12 and C8H16 in which the ion

desorption mass spectra closely resembled the gas phase ionization “cracking

patterns” .~~~
4
~ In the condensed hydrocarbons , the bonding is largely of

the van der Waals type whereas the formation of hydrogen bonds dominate

the bonding in ice. The existence of strong intramolecular bonding in ice

presumably affects the ionization and ion reneutralization processes in

ESD, leading to a high yield of H
1’ compared to gas phase electron impact

ionization.

A question which has received much attention in the ice litera-

ture concerns the orientation of 11
20 molecules in the surface layer of water

and ice; i.e., does the H or the 0 end of the molecule point away from the

( ir )
surface? Fletcher ‘ has written extensively on this topic ; his current

thinking is that the low energy configuration is that in which surface

molecules have their protons buried in the liquid. The ESDIAD observation

of an intense beam of H+ 
ions normal to the surface indicates that the

OH bonds point outward from thick layer of vitreous ice formed at 77 K (right

panel of Fig. 5) .

Finally , we note that verification of’ these conclusions concerning

the conformation of adsorbed 1120 should be accomplished using an independent

technique (e . g . ,  Angular resolved ultraviolet photoemission ectroscopy) in

order t.~ more completely evaluate the utility of ESDIAD in surface structure

determination.

11
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FIGURE CAPTIONS

Fig. 1. LEED and ESDIAD patterns for H
2
0 on Ru(OOl). (a) LEED of’

clean surface , electron energy Ve = 200 eV; bias potential between

crystal and first grid of detection system
(1) 

VB 
= 100 V. ( b )  — ( d ) ,

H
1’ ESDIAD patterns. (b )  H

20 coverage 0< 0.2, Ve = 200 eV, VB 
= 100 V.

(c)0 ~ 0.2, Ve = 300 eV, VB = 200 V. (d)8 > 1 (ice multilayer) V
e 

=

200 eV , VB = 100 V.

Fig. 2. ESDIAD of 1120 adsorbed on Ru(OOl) at ~ 90 K. Apparent value of H 1’

emission cone half’ angle, a , plotted vs. the potential V
B 
between

the crystal and the first hemispherical grid of the detection

system. The inset drawing defines a

Fig. 3. Thermal Desorption Spectra for desorption of 1120 from Ru(OOl).

Fig. 14. Thermal Desorption Spectra demonstrating the influence of

preadsorbed oxygen on the bonding of H20 to Ru(OOl). Note that

preadsorbed oxygen blocks the H
2
O peak at T = 230 K.

Fig. 5. Proposed models of’ H20 adsorption based on ESDIAD patterns

of Fig. 1.
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